ABSTRACT Within the activities of the Integrated Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on
INTRODUCTION
The Integrated Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) and EU Regulation 2152/2003 aim (1) to conduct intensive and continuous monitoring of forest ecosystems in Europe as a means of evaluating the damage caused by atmospheric pollution and other factors influencing forest condition; and (2) to improve the understanding of the causal relationship between changes in forest ecosystems and the factors influencing these changes, with particular focus on atmospheric deposition. In this multi-disciplinary programme, the Expert Panel on Atmospheric Deposition handles all the aspects connected with sampling, analyses, QA/QC, including data validation, and use of the results of atmospheric deposition chemistry. Methods and criteria for harmonised sampling, assessment, monitoring and analysis in the 513 permanent plots located in 31 European countries (de Vries et al. 2003) are formalised in a Manual edited by the ICPF Programme Coordinating Centre in Hamburg (UN-ECE 1998) . Despite this basic standardisation of the analytical methods, the comparability of the results of the chemical analyses performed in about eighty laboratories in the different European countries has never been proved. Therefore a Working Group (WG) was created within the Expert Panel on Deposition with the aim to harmonize and improve the QA/QC of chemical analyses of atmospheric deposition (WG on QA/QC). One of the first actions taken by the WG was to update the manual chapter dealing with chemical analyses and QA/QC in laboratories (Lövblad et al. 2004) . The new version incorporated the aspects of quality required at all stages of the activity, from the sampling, shipping and treatment of samples to the choice of analytical methods, analyses and validation of results. The adoption of the UNI criteria was strongly recommended and the concept of data validation introduced. Among the different aspects of quality control, special attention was paid to data validation. Three checks of the analytical results are suggested to verify the internal consistency of the data: ion balance, comparison between measured and calculated conductivity, and Na/Cl ratio. A fourth check considers the different N forms, verifying that the sum of ammonium and nitrate is lower than total nitrogen concentration. The validation of results of water analyses through ion balance and the comparison between measured and calculated conductivity has been proposed and discussed in several handbooks and papers (e.g. A.P.H.A., A.W.W.A., W.E. F. 1998; Rossum 1975; Laxen 1977; Miles & Yost 1982; Hughens et al. 1994) , but most of these were dealing with surface water, open field bulk or wet only deposition (BOF, WET), while a lower number of studies considered the specific problems of throughfall (THR), stemflow (ST) or soil solutions, in which concentrations of organic anions are relatively high. The aspect of the data validation and, more widely, the harmonization of atmospheric deposition measurements are considered in the manuals prepared for the Co-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe (EMEP 1996) and the Global Atmosphere Watch of the World Meteorological Organisation (WMO-GAW 2004) .
This paper aims to consider the applicability and the limitations of the suggested quality controls (ion balance, comparison between measured and calculated conductivity, and Na/Cl ratio) on different types of atmospheric deposition samples collected in the framework of ICP Forests. Five thousand analyses from seven European laboratories are considered to establish relationships representative of different geographic and climatic situations, from northern Finland to southern Italy. A second aim is to test the use of two new regressions (conductivity vs sum of cations and conductivity vs sum of anions), as tools for the validation of chemical analyses.
METHODS
Names and acronyms of the laboratories involved in the study are shown in table 1 while figure 1 gives the distribution of the sampling sites considered.
Tab. 1. Laboratories involved in the study.
IT1
Province laboratories which produced them, are listed in table 2. The results used were validated at national level by the National Focal Centres of ICP Forests and submitted as official results for the years 2002-2003. In addition, for each analysing laboratory, samples were stratified considering the type of solutions, the type of vegetation present in the plot (broadleaves or conifers), and the relative importance of solute of marine origin, assuming a Cl -concentration higher than 50 µeq l -1 as a threshold to distinguish between strongly or weakly marine influenced solutions. Table 2 shows that there were great differences in the number of samples for each laboratory and for each type of solution. In particular there were only WET data from 3 labs and ST data from 4. While this unevenness in the stratification of the data does not present problems during the statistical analysis or the construction of the models, the results could be affected by the different weight of each subsample and, especially, by the characteristics and any systematic analytical errors inherent to them.
Validation checks and relationships indicated in the ICP Forests manual
As prescribed by the ICPF manual (Lövblad et al. 2004) , each laboratory performs checks of the ionic balance (only BOF and WET) and of the comparison between measured (CM) and calculated (CE) conductivity (on all types of samples), to validate the results. A third check is performed to confirm that the Na/Cl ratio is between 0.5 and 1.5. The instructions contained in the manual are that if the thresholds of these checks are exceeded, the analyses must be repeated; if the result is confirmed and the thresholds are still exceeded, the results must be accepted. In greater detail, the considered relations are: concentration of anions vs concentration of cations (ΣCat vs ΣAn) and measured conductivity vs calculated conductivity (CM vs CE), where: λ i = equivalent conductance at infinite dilution of the ion i (Tab. 4). As the concentrations are expressed in µeq l -1 , λ i is given as kS cm 2 eq -1 , in order to obtain the conductivity in µS cm -1 . The check of the ion balance is based on the test of electroneutrality of water samples: the total number of negative and positive charges must be equal. The constants required to transform the units used in the ICP Forests Deposition Programme into µeq l -1 are given in table 4. Using ΣCat and ΣAn to indicate the concentrations (µeq l -1 ) of cations and anions, respectively, the percentage difference (PD) is:
High concentrations of organic matter must be taken into account if present. Organic matter in deposition samples acts as an organic anion, producing a systematic bias in which the concentrations of cations are higher than those of (inorganic) anions. Corrections based on the dissolved organic carbon (DOC) concentration developed e.g. by Oliver et al. (1983) cannot be directly applied to throughfall and stemflow samples, as they were based largely on stream, lake, bog and ground waters, in all of which the DOC is different from that in deposition. Corrections for the presence of dissolved organic matter, specific for each site and each type of sample (bulk deposition, throughfall, etc), can be developed on the basis of the analyses of earlier results.
The percentage difference between measured and calculated conductivity is given by the ratio:
In deposition samples with low ionic strength (below 0.1 meq l -1 ), the CD value between the measured and calculated conductivity should be no more than 2% (Miles & Yost 1982) . For an ionic strength higher than 0.1 meq l -1 and lower than 0.5 meq l -1 the Davies correction of the activity of each ion can be used, as proposed e.g. The third relation tested considers the ratio between Na + and Cl -; assuming that most of these ions derive from sea spray, a ratio not far from the marine value (0.86) should be expected (Keene et al. 1986) . If other possible sources of these ions are considered, the range of "acceptable" or "not questionable" values is widened from 0.5 to 1.5 (Lövblad et al. 2004 ).
Validation checks and relationships tested in this study
Before examining the relationships studied using the data from all the laboratories, we should verify by an analysis of the variance that there are no significant differences stratified by type of solutions between the concentrations of anions and cations and between measured and calculated conductivity.
These tests are the premise for a check of the following relationships for the different labs and sample typologies: As the relation between ion concentrations and conductivity is a chemical-physical law, it might be expected that no differences exist between the CM vs ΣCat or CM vs ΣAn regressions in different types of aqueous solutions (BOF, WET, THR, ST, stream and lake water, etc.). On the other hand, as the equivalent conductance of the ions is slightly different, the chemical composition, considered as ratio between ions, might influence the values of the regression. Furthermore, deposition samples are far from being perfect solutions, as in most cases they contain organic substances, suspended particulate matter, etc. These compounds may vary markedly with the type of vegetation and the remoteness of the area. A further factor of confusion in checking for general regressions between conductivity and ions is the presence of random or systematic errors affecting chemical analyses. As the aim of the paper is to provide general regressions between conductivity and cation or anion concentrations, with an indication of the associated errors, before pooling the data we conducted a statistical analysis to test for systematic differences due to (1) systematic errors in laboratories, (2) type of vegetation in the plot and (3) influence of marine salt, which may produce major changes in the ion ratios. The rationale for the checks is given in table 6.
Statistical treatment of the data
The analysis of covariance (ANCOVA) is the statistical method used to test differences among laboratories, between types of samples, between solutions from broadleaf/conifer plots and between "marine" and "non-marine" solutions. This analysis represents an integration of the analysis of variance and the regression analysis and is appropriate when there are both quantitative and qualitative (grouping) factors. The basic advantage of this analysis is a reduction in the bias caused by the differences existing between groups before experimental treatments are administered. The ANCOVA model treats both between-group and regression variance as systematic components. The statistical model is:
where: y ij = dependent variable score of j th unit (cation or anion) in i th treatment; β 0 =population mean (of dependent variable) common to all observations; τ i = effect of treatment, which assumes a different role:
• laboratory i (a constant associated with all units in laboratory i); • type i of solutions: BOF, WET, BOF+ WET, THR, ST, THR+ST; • solutions from broadleaf /conifer plots; • "marine" and "non marine" solutions. β 1 = linear regression coefficient of y on x; x i = mean of all units on covariate conductivity; x ij = covariate score for j th unit in i th laboratory; ε ij = error component associated with j th unit in i th treatment.
Simple linear regressions are used to build a statistical model to predict cation (H + excluded) or anion concentrations beginning from the values of conductivity (H + corrected). The statistical model is equal to the previous term τ i without treatment. Both ANCOVA and regression analysis are analyzed through the general linear models (GLM) procedure. This procedure uses the method of least squares to fit the general linear model and handles models relating one or several continuous dependent variables to one or several independent variables. The independent variables may be either classification variables, which divide the observation into discrete groups, or continuous variables. For the ratio Na/Cl, an ANOVA was Tab. 6. Differences between regressions 1 and 2 tested for the different types of solutions.
Type of solution Questions
Bulk open field a) Are there differences among laboratories? Wet only a) Are there differences among laboratories? Bulk open field+Wet only a) Are there differences in the regressions between the two types of solutions? b) Are there differences between marine/non-marine samples? Throughfall a) Are there differences among laboratories? b) Are there differences between solutions from broadleaf/conifer plots? c) Are there differences between marine/non-marine samples? Stemflow a) Are there differences among laboratories? b) Are there differences between solutions from broadleaf/conifer plots? c) Are there differences between marine/non-marine samples? Throughfall+Stemflow a) Are there differences in the regressions between the two types of solutions? b) Are there differences between solutions from broadleaf/conifer plots? c) Are there differences between marine/non-marine samples?
performed on the different types of samples, the different characteristics of the vegetation (broadleaves, conifers), and the contribution of marine spray in the ion composition of deposition.
RESULTS AND DISCUSSION

Relationships tested in each laboratory
The checks of the ion balance and the comparison between measured and calculated conductivity, already performed by each laboratory, were re-evaluated following the criteria of table 5; the results are presented in table 7. The same table shows the mean values of the sum of anions, cations, measured and calculated conductivity; more detailed information on the data distribution is provided in figure 2 , which shows the cumulative frequency curves of the sum of the cations and the conductivities for the four different types of solution. It emerges clearly from the figure that the chemical characteristics of WET and BOF samples are very similar, while THR and ST solutions show markedly higher ion concentrations.
The ion balance test shows the best results for WET, followed by BOF samples; in contrast, the percentage of acceptable results is very low in the case of THR and ST, because of the high incidence of organic anions. This is in agreement with the mean concentrations of cations and anions, with percent differences which are markedly higher for THR and ST (16 -17%) than for WET, BOF (5.0 -6.3%). This was largely expected and is in agreement with the manual, which gives this test as indicative only in the case of WET and BOF solutions.
The conductivity test is also reliable for THR and ST solutions, even if some systematic errors are probably present in the evaluation of the calculated conductivity, corrected for ionic strength, as this is regularly lower than the measured values. Table 7 also give the values of conductivity corrected for the H + contribution; these are only slightly lower than the full values, as the pH of the solutions in most cases is higher than 5.5, indicating low H + concentrations.
Relationships tested in this study: regressions between conductivity and ions
Before testing the relationships between conductivity and ions, we applied a simple analysis of variance to check for statistical differences among anions and cations in the various laboratories (Tab. 8). There is no evidence of differences for the wet only type of solution, whereas there is appreciable evidence for bulk solution and strong evidence for throughfall and stemflow solutions. The same analysis is used to verify whether statistical differences occur between measured conductivity and calculated conductivity for different types of solution (Tab. 8). Statistically significant differences are detected only for throughfall solution (p-values = 0.005). These results are entirely in agreement with the observations in the previous section relating to the checks performed in individual laboratories (Tab. 7).
The analysis of covariance, where treatment is equal to laboratory, indicates a strong statistical significance for all groups. On the other hand, the average response differs significantly from group to group. This is an indication of systematic errors in the measurements performed in the laboratories. However, as the variability percentage of the adopted model explained by "laboratory" treatment is very small (the range varies from 0.008% to 1%), no large error can derive from ignoring this factor. We will not therefore take the "laboratory" factor into account in the following elaborations, considering the data as deriving from a single sample.
In the same way, the analysis of covariance, applied to the "marine/non-marine" solution treatment, shows that there is no evidence of difference between "marine" and "non-marine" solutions for cations in the BOF + WET and ST solutions, or for anions in the THR, ST and THR + ST solutions; on the other hand, there are differences for anions in the BOF + WET solutions (pvalue = 0.001) and for cations in the THR and THR + ST solution (p-value = 0.003 and 0.009, respectively). However, also in this case the differences are quite small, accounting for a total of 0.05% of the total variance attributable to the model. Therefore, these differences too were treated as negligible.
According to the analysis of covariance for treatment equal to vegetation, there is no evidence of any difference between broadleaf/conifer plots for anions (p-value = 0.19) in the THR and THR + ST solutions, or for cations in the THR + ST solutions. In the other cases, cations in THR solution and anions and cations in ST solution, these differences are statistically significant (p-value = 0.008 and 0.001, respectively) but once again negligible, as this factor has an impact of 0.3% at the most on the variance explained by the model under consideration.
After establishing that the above factors had an impact of at most 1% on the total variance of the model, we calculated the regressions, distinguishing only between the different types of solution (Tab. 9). All the models are highly significant (R 2 = 0.97 or 0.98, p-value = 0.0001). The CLs are relatively small for BOF and WET samples (ranges 29 -39 µeq l -1 for cations, and 28 -34 µeq l -1 for anions), larger for THR and ST samples (71-74 µeq l -1 for cations, 65 -99 µeq l -1 for anions). Examples of these relationships are shown in figure 3 .
The CL of THR and ST are larger than those of BOF and WET, probably because of the higher presence of organic compounds, which on the one hand represent a cause of variability and on the other may influence the correctness of the analyses of some of the inorganic constituents, e.g. alkalinity. The different number of laboratories contributing to the data of WET vs THR samples (3 vs 7, Tab. 2) may explain the narrower CL of the regressions for the former type of solution; this hypothesis does not seem to work in the case of THR vs ST samples, where CL for ST solutions (3 labs) are about the same or even higher than CL for THR solutions (7 labs, tables 9 and 2).
The regressions obtained can be used in the following way to test the consistency of experimental values of CM and the sum of anions or cations: enter the CM values and get the predicted ΣCat or ΣAn value. The experimental value of ΣCat or ΣAn, to be accepted, should be included in the range "predicted value ± the CL intervals".
Relationship tested in this study: Na/Cl ratio
Sodium and chloride in atmospheric deposition may be influenced by the relative importance of different inputs: natural marine (sea spray) and continental (wind borne mineral dust) sources, anthropogenic emissions, leaching of leaves or vegetation (Cornu et al. 1998; Stallard & Edmond 1981) . A common assumption is that most of the chloride is from sea-spray, and that the contribution of marine ions in atmospheric deposition is in the same ratio as in sea water; these assumptions lead to a "sea-salt correction" being used to eliminate this source of variability. The molar or equivalent ratio Na/Cl in sea water is 0.86 (Broecker 1974) , so this value is often used as a reference in analyzing results. If we take other possible sources into account, the acceptance range of the Na/Cl ratio must be widened from 0.5 to 1.5 for the measurement to be considered reliable. This range, adopted in the ICP Forests data validation, was tested using the available pool of data. As a preliminary step, an ANOVA was performed to test for significant differences among laboratories, for marine and nonmarine solutions (threshold Cl concentration higher or lower than 50 µeq l -1 ), and for the "vegetation" treatment (broadleaves or conifers). Results showed that at least one of the labs displayed systematic differences compared with the whole group of labs; this lab was not considered in the following elaboration. The ANOVA on the remaining pool of data showed a significant variance (p-value = 0.0001) and a fraction of explained compared with the total variance between 4 and 13% for the "laboratory" factor and between 1 and 9% for the "marine" or "non-marine" factor; on the other hand, the ANOVA did not find significant differences between THR and ST solutions for the "vegetation" treatment. Finally the mean Na/Cl ratio and the 95% CL was calculated for all types of solutions (BOF, WET, THR, ST), stratifying on the Cl -concentrations (marine, nonmarine and total), both for the whole group and for the single labs (Tab. 10). If we look at the overall ratios, the values for BOF and WET are higher than those for THR and ST. A comparison of the two types of precipitation, stratified on Cl -concentration, shows that the ratio is lower for marine samples (0.84 -0.91), than for nonmarine samples (1.03 -1.09). In conclusion, the results from a set of samples of atmospheric deposition of highly heterogeneous environmental origin suggest that a Na/Cl ratio outside the range from 0.5 to 1.5 is highly improbable.
CONCLUSIONS
This study confirmed that the chemical and chemical-physical laws which determine the relationships between anions, cations and measured conductivity offer a unique possibility to test the internal consistency of the analyses of major inorganic compounds in atmospheric deposition. As for the ion balance, some care is needed in the case of solutions with high concentrations of organic substances (THR and ST), where an excess of cations vs inorganic anions is systematic.
As part of the internal quality control of chemical analyses by the laboratories participating in the ICPF monitoring, the ion balance and conductivity tests are indicated as valuable for checking the analyses, and threshold values are given. The elaboration performed in this paper confirmed the validity of the ion balance tests, restricted to BOF and WET solutions, while in the case of THR and ST the presence of organic anions determines concentrations of cations systematically higher than those of inorganic anions. The comparison between measured and calculated conductivity proved to be less restrictive than the ion balance for BOF and WET; furthermore it also proved to be valid for THR and ST, because of the negligible contribution of organic matter to conductivity. A further criterion suggested by the ICPF manual is to check the Na/Cl ratio, which should not be too far from the marine ratio (0.86), with a tolerance range between 0.5 and 1.5. The analyses performed in the seven labs confirmed a mean Na/Cl ratio of between 0.94 and 1.08; if the 95% limits of the CL are taken into account, the range increases to 0.9-1.1.
Using the same chemical-physical criteria, this study tested two more regressions, between measured conductivity (corrected for the H + contribution) and (a) the sum of the cations, H + excluded, and (b) the sum of the anions. The absence of statistical differences between the data produced by the different labs made it possible to pool them, stratified according to types of solutions, and to obtain general relationships. The resulting regressions and the relative CLs may be used as a comparison for testing the agreement between conductivity and sum of cations (or anions) in a single analysis. To this end, the predicted ΣCat or ΣAn of the analysis under consideration can be derived from the CM value using the general regression; the measured value of ΣCat or ΣAn, to be acceptable, should fall in Tab. 10. Mean values of the Na/Cl ratios in the different labs and 95% CL for each type of solution, stratified between marine and non-marine (Cl -threshold 50 µeq l -1 the range "predicted value ± the CL intervals". A further use of the proposed general regressions is a comparison with similar regressions performed on sets of data obtained in other laboratories.
In conclusion, the topics considered in the paper largely confirm that it is possible and helpful to use the chemical-physical properties of dilute solutions in testing the internal consistency of chemical analyses. These tests, easily performed with a simple electronic spreadsheet, should be a routine phase of the analysis, aimed at data validation. The tests must be performed soon after the end of the analyses, so that if some of the tests fail, the analyses can be repeated; if the anomalous results are confirmed, they should be accepted. A further advantage of these checks is the identification of writing errors, whose contribution to the general reliability of a database is not negligible.
